The water level in an open well can change in response to deformation of the surrounding material, either because of applied strains (tidal or tectonic) or surface loading by atmospheric pressure changes. Under conditions of no vertical fluid flow and negligible well bore storage (static-confined conditions), the sensitivities to these effects depend on the elastic properties and porosity which characterize the surrounding medium. For a poroelastic medium, high sensitivity to applied areal strains occurs for low porosity, while high sensitivity to atmospheric loading occurs for high porosity; both increase with decreasing compressibility of the solid matrix. These material properties also influence vertical fluid flow induced by areally extensive deformation and can be used to define two types of hydraulic diffusivity which govern pressure diffusion, one for applied strain and one for surface loading. The hydraulic diffusivity which governs pressure diffusion in response to surface loading is slightly smaller than that which governs fluid flow in response to applied strain. Given the static-confined response of a water well to atmospheric loading and Earth tides, the in situ drained matrix compressibility and porosity (and hence the one-dimensional specific storage) can be estimated. Analysis of the static-confined response of five wells to atmospheric loading and Earth tides gives generally reasonable estimates for material properties.
INTRODUCTION
Fluctuations in water level due to atmospheric loading, Earth tides, and seismic events have long been noted in many wells. These fluctuations are of interest to geophysicists and hydrologists for two reasons: they indicate that water wells can be sensitive indicators of crustal strain, and they provide information about the material properties of the rock that the wells tap. When the response of the water level in a well to areally extensive deformation occurs under conditions where neither well bore storage or water table drainage are important, water level changes directly reflect the undrained response of the formation. Following hydrologic convention, we define water level changes under these conditions as the static-confined response. This response will not always be observed in a well. The response to high-frequency deformation may be influenced by well bore storage; the response to low-frequency deformation may be influenced by drainage to the water table. However, if the static-confined response can be found, it is a useful geophysical and hydrologic parameter. The static-confined response generally represents the maximum sensitivity of a well to aseismic strain. It is also representative of the elastic properties and porosity of the formation around the well.
Many workers have given theories for the static response of wells to atmospheric loading and Earth tides under confined conditions. Jacob [1940] recognized that the undrained response of rock to atmospheric loading depended on the formarion's elastic properties and porosity. Bredehoeft [1967] noted that the undrained response to Earth tides was proportional to the formation's response to atmospheric Jacob [1940] and Bredehoeft [1967] to allow for grain compressibility.
The potential of water wells as strain meters has been discussed in detail [Bredehoeft, 1967; Bodvarsson, 1970; Rojstaczer, 1988a] , and some attempts have been made to use the response of the water level in a well to known strains for calibration. Johnson et al. [1973, 1974] used the response of a well near the San Andreas Fault to atmospheric loading to calibrate its response to creep events. Sterling and Smets [1971] quantified the response of a well in Belgium to atmospheric loading and Earth tides and described its behavior as a strain seismograph. Bower and Heaton [1978] calibrated a well near Ottawa, Canada, using the local Earth tide and noted that its coseismic response to the great Alaskan earthquake of 1964 could not be explained on the basis of the static strain field produced by the earthquake.
Much work has focused on using the static-confined response of wells to atmospheric loading and Earth tides to determine material properties of the formation around the well. Bredehoeft [1967] showed that it was possible to estimate formation compressibility and porosity from the undrained response to atmospheric loading and Earth tides; while his results have been criticized [Narasimhan et [1983] which describe the response of wells to Earth tides. We also amend their result on the response to surface loading by including the influence of horizontal deformation through a simple model which describes the areal strain produced by a uniform load over an elastic half-space [Love, 1929; Farrell, 1972] . When horizontal deformation due to surface loading is included in the analysis, we find that the elastic parameter which governs vertical pressure diffusion in response to areally extensive strain (the hydraulic diffusivity) differs for atmospheric loading and applied strains. We apply our results to the measured response of five wells to strain, and after correcting for the influence of fluid flow obtain in situ estimates of drained matrix compressibility, porosity, and specific storage. because of the time required for fluid to diffuse through the medium and drain into the well; such time-dependent well bore storage effects have been discussed by Cooper et 2. The response is confined, meaning that no vertical flow takes place between the fluid around the well intake and the water table above. When considering the effects of atmospheric pressure, we also neglect the force that such pressure changes exert directly on the water table at low frequencies [Yusa, 1969; Weeks, 1979; Rojstaczer, 1988b] .
3. We also neglect the influence of any flow between the medium and the well bore, so that the height in the well is a proxy for the pore pressure of the fluid. This quasi-static analysis is a good approximation if we assume that the well is open but that the bore is so narrow that little flow is needed to cause height changes in it. In practice the height in the well may differ from the equivalent head of pore fluid 
The increase of water depth in the well is given by w = -p/pg, where p is the water density and g the acceleration due to gravity. The coefficient of response for water depth given an applied volume strain under static-confined conditions is then w B
Although this result is trivial to obtain and has been noted by others [e.g., Roelofts, 1988] , it is worthwhile to examine its consequences for well response to volumetric strain. Figure 1 . The response is substantially less, largely because the free-surface condition means that E33 is opposite in sign to %, so that the ev << %. As before, high sensitivity is favored by low porosity; however, the sensitivity is a strong function of matrix compressibility, with high matrix compressibilities causing low sensitivity. This is because the presence of the pore fluid causes E33 to approach -% (the undrained Poisson's ratio, v,, approaches 0.5 at high matrix compressibilities), so that little volume strain occurs.
Since it might be expected that deep wells would tap relatively stiff rock of low porosity, the results shown in The response of a water well to Earth tides is of particular value because the areal strains produced by Earth tides can be fairly well determined (within a factor of 2) from theoretical calculations [Beaumont and Berger, 1975; Berger and Beaumont, 1976] . The tidal response thus serves to calibrate the response to other sorts of strain (such as tectonic strain) and, as will be shown below, makes it possible to estimate some of the properties of the medium the well penetrates. 
We used this procedure to estimate the matrix compressibility and porosity of formations tapped by the five wells described in Table 1 Figure 5 shows the observed barometric efficiencies of the five wells as a function of frequency. As is discussed in detail elsewhere [Rojstaczer, 1988a, Table 3 shows the material properties of the formations estimated from the barometric efficiency and corrected M 2 areal strain sensitivity in Table 2 . In order to make estimates of matrix compressibility and porosity, we need to assume values for the solids compressibility (/3,, taken to be 2 x 10 -ll Pa-1), the Poisson's ratio (v, taken to be 0.25), and the compressibility of the pore fluid (/3oe, taken to be 4.4 x 10-lo Pa-1). There are no independent measurements of/3, but the estimates made from the well responses are reasonable compared with laboratory measurements of the compressibility of rock [Haas, 1981] . The porosity estimates are also usually within the realm of expected values [Wolff, 1981] , except at SC2 and perhaps JC; in the latter case, a reduction in the assumed value of/3, will make the value of (b more reasonable. Table 3 times differ in magnitude from the body tide by as much as 50%, because of ocean loading and topographic and geologic distortions. Equation (19) shows that estimated matrix compressibility is inversely proportional to the areal strain sensitivity, and (20) shows that the estimated porosity is roughly proportional to the matrix compressibility. Thus if the theoretical tidal strain were to be twice the actual tidal strain, the estimates of both parameters will be about half Equations (22)- (24) indicate that if the material properties of the formation are known and the applied loads or strains can be measured or estimated a priori, it is relatively straightforward to solve for time-dependent pressure diffusion driven by atmospheric loading and Earth tides. The solution to some near-surface pressure diffusion problems which involve a periodic imposed deformation are given elsewhere [Rojstaczer, 1988a, b; RR, 1988] .
Because c¾ is smaller than or nearly equal to c, pressure diffusion driven by atmospheric loading can be dampened (all material properties being equal) relative to pressure diffusion driven by Earth tides. Examination of (25) indicates that the term ¾ will always be fairly close to unity, even if the areal strain produced by atmospheric loading is significant (H = 1). For highly compressible rock with low porosity and Poisson's ratio, ¾ can be expected to be no lower than 0.5. In stiff, highly porous rock with high Poisson's ratio, ¾ approaches 1. Hence the relative dampening of pressure diffusion driven by atmospheric loading can be expected to be small (no greater than a factor of 2). Table 3 . The one-dimensional specific storages S• are 0.7-0.9 times the loading storages S,, indicating that ¾ is significantly less than unity, and that for the formations examined, pore pressure-induced horizontal deformation has a small effect on pressure diffusion induced by atmospheric loading.
The hydraulic diffusivity c is identical to the term k/Ss

CONCLUSIONS
The static response of the water level in a well to areally extensive deformation under confined conditions provides both a measure of well strain sensitivity and a means to measure in situ formation material properties. In the absence of fluid flow influences, formations can be expected to be sensitive to induced horizontal deformation such as that produced by Earth tides and tectonic strain if they are relatively stiff and are of low porosity. Open wells can be expected to be sensitive to atmospheric loading if they tap formations which are relatively stiff and are of high porosity. Although knowledge of the static-confined response of wells is useful, it is not always observable. In three of the wells examined in this paper (GD, TF, and JC) the response observed must be corrected to give the static-confined response. If fluid flow influences water well response, it is possible to significantly underestimate the static-confined sensitivity of a well to deformation. Estimates of formation material properties directly based on the observed response of a well to deformation can be in error.
Under homogeneous conditions the influence of these imposed deformations on pore pressure diffusion can be readily described by the use of simple one-dimensional diffusion equations involving source terms proportional to the undrained response of the formation to deformation. The diffusivity which governs pore pressure response to applied areal strain is identical to that which governs fluid mass diffusion. The diffusivity which governs pore pressure response to applied loads is slightly lower, owing to the influence of pore pressure on horizontal deformation under conditions of loading. From a practical standpoint, however, the diffusivity which governs fluid mass diffusion is essentially the same as that which governs pressure diffusion due to loading. Even if one assumes that the lateral deformation factor H is unity, the difference between these diffusivities for the wells examined here is of the order of 20%.
If the static-confined response of a well can be observed or inferred, use of water well response to atmospheric loading and Earth tides can be expected to provide only approximate values of matrix compressibility, porosity, and specific storage. The values determined from well response may be in error as much as 50%. While estimates of porosity which have such a potential for error are likely of limited utility, rough estimates of matrix compressibility and specific storage are often of use to geophysicists and hydrologists. If the near surface of the Earth possessed homogeneous material properties, areally extensive surface loading would produce areal strains at typical well depths which were equal to the vertical strain [Farrell, 1972] . There are, however, many conditions where there are large contrasts in formation elastic properties at shallow crustal depths. For example, basins with alluvial fill of high compressibility may be underlain at shallow crustal depths by bedrock which has a low compressibility. We examine the influence of such layering on the areal strains produced by atmospheric loading, through the use of a very simple model. We idealize the atmospheric load as a uniform pressure source over a radius a. The basin is assumed to consist of a layer of thickness h and undrained compressibility • underlain by a homogeneous half-space with undrained compressibility •2-The stresses and strains produced under the center of the uniform surface load can be readily determined from the solution given by Burmister [1945] for a load with a distribution -mJo(mr) where r is the radial distance and rn is a 
Equations (Ala) and (Alb) can be solved using numerical quadrature. Once the stresses are determined, the ratio of areal strain to vertical strain, H, can be readily obtained. In Figure A1 , the influence of layering on the ratio H is examined for the case where the undrained Poisson' s ratio of the formations is 0.35 and the ratio a/h is 1000. Major continental atmospheric loading fronts have radii of the order of 1000 km [Rabbel and Zschau, 1985] 
RESPONSE OF WELLS
The static-confined response of the wells to atmospheric loading and Earth tides was inferred by fitting the observed response of these wells to theoretical models which describe the influence of water table drainage on well sensitivity. The observed response was determined from cross-spectral analysis of the water level time series against atmospheric pressure and the theoretical Earth tide.
The wells examined showed high coherence (greater than 0.85) between water level and air pressure from 0.08 to 2 c/day, and between water level and the theoretical tide at the peak tidal frequencies. The transfer function between water level and atmospheric load was fit to a theoretical solution which is governed by (24) and describes the influence of water table drainage on water well response [Rojstaczer, 1988a, b] . The barometric efficiency at which the theoretical solution showed fluid flow influences to be negligible was taken to be the static-confined barometric efficiency. Fuller descriptions are given elsewhere [Rojstaczer, 1988a, b; RR, 1988 ].
The static-confined areal strain sensitivities were determined iteratively. First, the fit of the atmospheric load transfer function was used to determine the vertical hydraulic diffusivity ½Y (equation (24)); the estimated barometric efficiency and observed M 2 tidal sensitivity then gave estimates of the material properties, and from these the specific storages Sa and Ss could be found. Given cY and Sa (and assuming H = 1), the hydraulic conductivity is k = c¾Sa; this hydraulic conductivity then gave an estimate of the hydraulic diffusivity c = k/Ss. 
